History and environment shape crop biodiversity, particularly in areas with vulnerable human 36 communities and ecosystems. Tracing crop biodiversity over time helps understand how rural societies cope with anthropogenic or climatic changes. Exceptionally well preserved ancient DNA of 38 quinoa (Chenopodium quinoa Willd.) from the cold and arid Andes of Argentina has allowed us to track changes and continuities in quinoa diversity over 18 centuries, by coupling genotyping of 157 40 ancient and modern seeds by 24 SSR markers with cluster and coalescence analyses. Cluster analyses revealed clear population patterns separating modern and ancient quinoas. Coalescence-based 42 analyses revealed that genetic drift within a single population cannot explain genetic differentiation among ancient and modern quinoas. The hypothesis of a genetic bottleneck related to the Spanish 44
Amid these historical changes, several Andean-origin crops have diversified and were successfully 60 disseminated throughout the world, such as tomato (Solanum lycopersicum), potato (S. tuberosum), beans (Phaseolus spp.), chiles (Capsicum spp.) and, more recently, quinoa (Chenopodium quinoa) (7). 62
In the Central Andes of Peru and northern Bolivia, the rise and fall of past agrarian societies due to political and environmental changes seems a most likely scenario (8) (9) (10) . But in the dry Andes 64 of Northwest Argentina, southern Bolivia and northern Chile (Fig 1A) , a different historical trajectory took place due to the relative importance of pastoralism versus agriculture (11) (SI-1 Table) . Around 66 5000 BP (years before present) pastoralism arose among local hunter-gatherers who had been established in the region since 12000 BP (12, 13) . These hunter-gatherers in transition to food 68 production also developed crop planting early in the dry Andes, as evidenced by remains of plant domesticates dating back ca 5000 BP (14, 15) . Farming was a productive practice in the region at that 70 time and until the Inka period and the Spanish conquest, though without reaching a comparable level of significance to that observed in the Central Andes (16, 17) . Then, at a still uncertain time during 72 the Colonia and early Republic periods (viz. 16th to 19th centuries), agrarian systems in the most arid highlands reverted to a primarily pastoralist economy, wherein small-scale crop farming assumed a 74 limited role, a situation that persists today (18) . Palaeoecological studies revealed that substantial Holocene fluctuations in the regional climate likely coincided with these socio-historical changes (19-76 22) . Two relatively humid periods (12000-8000 BP and 5000-1500 BP) alternated with drier periods (8000-5000 BP and 1500 BP to the Present); during the dry phases water resources concentrated in 78 some valleys and basins (23).
The question then arises as to how these social and environmental changes affected local 80 crop biodiversity throughout this period. Specifically, have climatic and agrarian changes-and their related transformations in social structures and local economy-led to genetic changes in native crop 82 species? The quinoa crop in the dry Andes of Argentina provides a case study for investigating these issues since local conditions of low temperature and air dryness allowed for the conservation of 84 abundant biological material in what once were residential places, granaries or tombs (24, 25) . In modern quinoa samples, molecular markers reveal a diversity essentially shaped by broad 86 biogeographic features separating-among others-quinoas from temperate highlands, arid highlands, mid-and high-altitude valleys, and western versus eastern lowlands (26) . Molecular 88 genotyping, applied to ancient samples, should thus allow for tracking quinoa biodiversity in space and time, providing a new tool to investigate the agrarian economy of past societies and go further 90 in-depth into the history of human-plant relationships (27).
Analyzing genetic markers within a coalescence framework, we track changes and 92 continuities in quinoa diversity in the dry Andes over the last two millennia. Coalescence theory allows to identify the most probable trajectory among the many possible genealogies in a regional 94 gene pool (28). Then we discuss how natural and human circumstances paralleling these temporal patterns in genetic diversity could explain them. Our archaeological study sites are located in cold 96 and arid highlands, with one site in a mesothermic Andean valley located at the same latitude (Fig   1A, SI-2 Table) (12, 14, 17, 29) . They provided well-preserved quinoa seeds, with a broad 98 chronological range spanning the time of early husbandry (ca 1800 BP), to periods of stable agropastoralist societies (ca 1400 BP) and complex corporative societies (ca 800-700 BP). To evaluate the 100 relationship of these ancient quinoas with the present-day germplasm, we studied a reference panel of quinoas collected in 2006-2007 from different environments in the Andean highlands of Argentina 102 (26, 30) (Fig 1A, SI-2 Table) . Some archaeological sites supplied both dark and white seeds, which allowed us to explore the diversity of cultivated quinoa (generally white-seeded) and their weedy 104 relatives (all dark-seeded). 
Results
Genetic diversity, selfing rates and genetic structure were studied from 157 quinoa seeds (76 118 ancient, 81 modern) genotyped at 24 microsatellite loci (see SI-3 Text for detailed results). 120   Estimates of the diversity indices and the selfing rates of the 19 populations sampled are summarized   in table SI-3.3 . Expected heterozygosity (He) in the subset of modern quinoas showed highly variable 122 values (range 0.02-0.70), consistent with those found in an independent study on the same samples (26) . Similarly, selfing rates (s(F is ) and s(LnL)) appear highly variable without any clear geographical 124 pattern. Comparing quinoa samples through time at Antofagasta de la Sierra (hereafter: Antofagasta) shows a trend towards lower allelic diversity (N all-rar ) and expected heterozygosity (H e ) in the modern 126 sample (#12) compared to the ancient ones (#13-15, [17] [18] [19] . Selfing rate (s(LnL)) increased significantly (P<0.05) from the most ancient samples (#17-18) to the intermediate (#13-14) and 128 modern ones (#12).
Genetic diversity and selfing rate

130
Genetic structure in time and space
The discriminant analysis reveals a neat distinction between ancient and modern samples, ancient 132
samples showing little affinity to modern samples, particularly for the geographically closer sample #12 (Fig 1B, SI- respectively) (Fig SI-3.5, k=12 ). Yet the wild-form samples remain genetically close to the white-152 seeded samples of their respective time x location set.
Inference of local demographic history
154 At Antofagasta, one modern sample and six ancient samples offer a temporal series covering almost two millennia. Analyses of genetic structure of these samples reveal three main genetic groups: 156 modern (#12), intermediate (#13-15), and ancient (#17-19) (Fig 1C) . The differentiation among them could be due to genetic drift between sampling times within a single population or to divergence 158 among distinct populations that locally arrive at different times, replacing the preexisting genetic pool. In order to distinguish between these two alternative processes we built demographic 160 scenarios in which the two temporal and genetic discontinuities are either simulated as genetic drift within a single population (Fig 2A) , or mixtures of drift and replacement (Fig 2B-D) . As dark seed 162 quinoa samples (#15,18) show some differentiation from white seeds (see , two additional scenarios were tested: one differentiating between 164 cultivated and wild compartments (Fig 2E) , the other considering an admixture event between both compartments (Fig 2F) . 166
The coalescence analysis clearly identifies as the model with the best fit (votes=0.92, posterior probability=0.99,) the demographic scenario in which three genetic clusters belong to three 168 separate cultivated gene pools, with gene flow from a wild compartment producing dark seeds ( Fig   2F) . We estimated effective population sizes for the 3 quinoa samples around few 100 individuals 170 and around 30 individuals for the wild gene pool (SI-3.5 Table) . Admixture proportions from the wild pool of dark seeds was high but lower than 0.5 (point estimates and 95% highest posterior density 172 intervals are reported in SI-3.5 Table) . Posterior probability distributions for other parameters of the model (e.g. ancestral population effective size, time of divergence) were indistinguishable from 174 priors (SI-3.5 Table) . Table) . As reported in other Andean regions (34), modern weedy (dark-seeded) quinoa appeared 224 genetically related to sympatric cultivated (white-seeded) quinoa populations. Black chenopod seeds are generally assigned to the weed sub-species Ch. quinoa ssp. melanospermum and their relative 226 frequency in archaeological remains is indicative of the degree of seed selection by past cultivators (35, 36) . The presence of dark seeds (#15,18) in archaeological food processing places suggests the 228 prolonged use of a combination of domesticated and weed chenopod grains by past populations in Northwest Argentina (37), a feature also observed elsewhere in the Americas (36, 38) . 230
Another likely cause of the changes in quinoa demographic history relates to evidence of a generalized warfare in the dry Andes in the 750-600 BP period (11, 39, 40) , a situation exacerbated 232 by the competition for scarce water resources (11, 40) , likely disturbing local seed-supply networks.
Compared to the previous social system based on small villages, more complex and authority-234 centered societies at that time (41, 42) could also have impacted on seed availability and circulation in a trend towards less diverse crop practices and genetic resources. 236
In this context of coincident changes in climate, crop technology and society, our estimates of effective population size (SI-3.5 Table) suggest that the quinoa gene pool cultivated at Antofagasta 238 ca 796-690 BP (samples #13,14) had a narrower genetic base and higher selfing rates than in the previous periods (samples #17,19) . As the scenario of genetic drift within a single population is 240 rejected by the coalescent-based analyses, the lower diversity of the cultivated quinoa at Antofagasta ca 796-690 BP is explained more by the displacement of local varieties by introduced 242 ones with a narrower genetic base than by alternative hypotheses of enhanced selection for new cropping systems or loss of genetic resources due to endemic political unrest. In this perspective, 244 agricultural intensification with newly introduced varieties can be considered as a risk-buffering strategy developed by ancient Andean peoples who, like other societies in the world, sought to 246 ensure food security in a context of rising population, political conflicts and deteriorating climate (43, 44). This observation supports the idea that social and environmental stress can stimulate cultural 248 innovation (4, 16) . The brief Inka rule at this extreme end of the Andes continued this process of agricultural intensification as suggested by the appearance of large, albeit scattered, terrace and 250 irrigation systems in the region (17, 45). (61)). The fifth site, Cueva de los Corrales 1 (sample #16; (62)) corresponds to an area of 292 mesothermal valleys in the Tucuman province. Sedimentary samples containing exceptionally preserved ancient quinoa remains from these sites were submitted to laboratory separation and 294 concentration techniques (dry sieving and picking under magnifying glass) shortly before AMS dating and molecular analysis of seeds. In 2006-2007, an independent research team collected modern 296 quinoa seed samples from 12 sites representative of different environments in the Andean highlands and valleys of Argentina (26, 30) . Ancient and modern quinoa seeds were not in contact during their 298 sampling, storage and manipulations.
252
Crop farming marginalization
300
DNA extraction, microsatellite genotyping, and genetic data analysis 302 We extracted DNA from 81 modern and 144 ancient quinoa seeds according to the procedures described in SI-3 Text. DNA extraction was successful for all the modern seeds, while we recovered 304 well-preserved DNA from only 76 ancient seeds (53%). To avoid contamination between ancient and modern DNA, we rigorously separated in time and space all the DNA extraction, DNA quality control 306 and microsatellite amplification procedures detailed in SI-3 Text. We started by working on the ancient archaeological quinoas in a specific laboratory dedicated to ancient DNA. Once all the 308 extractions and amplifications of ancient quinoa seeds were completed, we then proceeded to the extraction and amplification of modern quinoas in a distant laboratory, without any spatial 310 connection with the previous one.
Ancient and modern quinoas were genotyped using 24 microsatellite loci (SI-3. 1 Table) . We 312 did not find an ancient genotype identical to any other ancient or modern genotype, which proves the absence of contamination (see SI-3 Text). Descriptive genetic diversity (allelic richness, 314 heterozygosity), inbreeding fixation coefficient (F IS ) and genetic differentiation (F ST ) were calculated in R using the packages adegenet and hierfstat (63, 64). The number of multilocus genotypes (MLGs) 316 was computed in R using the package poppr (65) . Diversity indexes were standardized using a rarefaction approach in ADZE (66). We estimated selfing rates for each sample in two independent 318 ways, either from F IS , or using the maximum likelihood approach implemented in RMES (see SI-3 Text). The genetic structure of the samples was examined using the program STRUCTURE (67) 
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SI-3. DNA EXTRACTION, SIMPLE SEQUENCE REPEAT GENOTYPING, ANCIENT
DNA QUALITY CONTROL, AND POPULATION GENETIC ANALYSIS
628 Prevention of contamination. Following recommendations to minimize the risk of exogenous DNA 630 contamination and ensure the reliability of the results (71), dissections, extractions and pre-PCR processing of ancient and modern seeds were rigorously separated in time and space. We first 632 processed ancient seeds in a specific laboratory dedicated to ancient DNA under sterile conditions. In the ancient DNA laboratory, we purchased and used new consumables and extraction kits, with the 634 room cleaned and exposed to UV overnight after each DNA extraction cycle, in order to destroy possible traces of DNA between successive extractions. We wore protective clothing and footwear. 636
Once all the extractions and amplifications of archaeological seeds were completed, we then proceeded to the extraction and amplification of modern seeds in a distant laboratory, without any 638 spatial connection with the previous one.
Genotyping. We worked on 81 modern and 144 ancient quinoa seeds for DNA extraction according 640 to the below-described procedures. In modern as well as ancient seeds, we dissected seeds under a stereomicroscope (Leica MZ 16, Leica camera DFC 280) to separate the embryo from the central 642 perisperm. We next extracted total DNA from embryos. Quinoa embryos (ca. 1-3 mm length, 1 mm thick) were dissected one seed after the other, using sterile dissection equipment and binoculars. 644 DNA extraction was successful for all the modern seeds, while we recovered well-preserved DNA from only 76 ancient seeds (53%). This level of ancient DNA recovery reflects the high preservation of 646 genetic material in dry environments as pointed out by (72), conditions still improved in the dry Andes by cold temperatures and oxygen scarcity at high altitude (73, 74). Despite these favorable 648
conditions, there appears to be a time limit for the preservation of quinoa seeds in archaeological contexts (75). directly to the PCR product to degrade primers and dephosphorylate dNTPs that were not consumed 686 in the reaction and could interfere with downstream sequencing. Treatment was carried out for 15 minutes at 37 °C, followed by a 15-minute incubation at 80 °C to completely inactivate both enzymes. 688
Base assignment was made with GeneMapper V3.0 software (Applied Biosystems). Phred quality score was settled at 20 to assure 99% of base call accuracy, as a measure of the quality of the 690 identification of the nucleobases generated by automated DNA sequencing. Sequences were aligned using CLUSTALW (78) followed by minor manual modifications. We analyzed amplification products 692 by comparison with the public sequence databases as nucleotide using BLASTN. At locus QAAT087, we obtained 4 consensus sequences, from 3 ancient and 1 modern 712 genotype (the remaining samples failed to give positive results) (Fig SI-3.2) . Sequences from locus QAAT087 have a lower quality than locus QAAT024, not only in archeological samples but also in 714 modern ones. Alignment analyses revealed sequence variations at a total of 7 nucleotide positions, representing 97% of sequence similarity with modern sequences. 716 728 Genetic diversity indexes. We measured the genetic diversity of each sample using the allelic richness N all-rar (80) and the expected heterozygosity H e . In predominantly selfing populations, we 730 expect a strong deviation compared to Hardy-Weinberg expectations. We estimated the inbreeding fixation coefficient F IS for each sample and F ST for each pair of samples according to Weir & 732 Cockerham (81). F IS and F ST measure genetic differentiation within and among populations respectively; both coefficients range from zero (no differentiation) to one (complete differentiation). 734
Analyses were performed in R using the packages adegenet and hierfstat (63, 64) and the program ADZE for rarefaction analyses (66). 736
We expect quinoa populations to be highly selfing and therefore to display a limited number of repeated multilocus genotypes (thereafter MLG). We used the package poppr to count the 738 number of MLGs present in each population (nbMLG) (65) . Populations with no more than two individuals sampled were removed from this analysis. We then used the rarefaction method (ADZE) 740 to estimate the expected MLG richness (eMLG) corrected for the differences in sample size. Finally, within each population, the composition in MLGs can either be balanced, or highly biased with one 742 predominant MLG. We measured this using the Simpson diversity index (λ) that is equivalent to a multilocus expected heterozygosity. 744
Selfing rate estimation. Two independent estimates of selfing rates were calculated: either directly 746 as s(F Is )=2 F Is /(1+F Is ) (82), or as s(LnL) using the program RMES (robust multilocus estimate of selfing), based on the distribution of multilocus heterozygosity, which allowed calculating a confidence 748 interval at P=95% (83). We used the maximum likelihood estimation with a precision of 0.00001, a maximum number of generations of selfing set to 10 and 100000 iterations. In some populations, the 750 high degree of homozygosity (#1,3,6) or the low sample size (samples #10, 11, 16, 19) prevented the estimation of s(LnL). Results of allelic diversity, heterozygosity and selfing rates in the 19 studied 752 quinoa samples are shown in Table SI 
764
Genetic structure. We investigated the genetic structure among the samples with a multivariate 768 approach, the Discriminant analysis of Principal Components (DAPC) implemented in the package adegenet in R environment (84) (Fig 1B in main text) . To avoid over-fitting the model, we used the 770 cross validation method to choose the optimum number of principal components to include in the model. We retained 15 principal components and 4 discriminant factors in the final model, which 772 explained 57% of the sample variability. To find the number of genetic groups better fitting our sample, we used the k-means algorithm for a number of groups k=1-25. We ran 10 9 iterations with 774 2,000 starting points. The Bayesian Information Criterion (BIC) minimized at k=12 for the whole sample analysis (Figs. SI-3.3, SI-3.4) . We also used a Bayesian clustering approach implemented in the program STRUCTURE v2.3.4 788 using the correlated-frequencies model without admixture (67) (Fig SI-3.5) . We assessed the structure of the sample for a number of clusters k=7-15. For each value of k, we ran 10 repetitions of 790 2×10 6 iterations of the MCMC algorithm after discarding 5×10 5 iterations as burn-in. Finally, we performed a Principal Component Analysis with the adegenet package (64) (Fig SI-3.6) . 792 Coalescent-based analyses. An approximate Bayesian computation (ABC) approach using random 804 forests (68, 69) was used to characterize the local demographic history of quinoa found around Antofagasta de la Sierra. The coalescence-based modeling of genetic relationships between modern 806 and ancient samples from Antofagasta examined six scenarios (Fig 2) : (i) direct chronological filiation between all samples, mixing cultivated and wild forms (Fig 2A) , ii) replacement of all ancient quinoas 808 by modern quinoas (Fig 2B) , iii) filiation between modern quinoas and intermediate ancient quinoas, both replacing the oldest quinoas (Fig 2C) , iv) successive replacement of the three groups of quinoas: 810 modern, intermediate, ancient (Fig 2D) , v) same scenario as previously but differentiating between cultivated and wild forms (Fig 2E) , vi) same scenario as previously but with admixture between 812 cultivated and wild forms (Fig 2F) . 
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